
Behavioral/Cognitive

Brief, But Not Prolonged, Pauses in the Firing of Midbrain
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Prediction errors are critical for associative learning. In the brain, these errors are thought to be signaled, in part, by midbrain dopamine
neurons. However, although there is substantial direct evidence that brief increases in the firing of these neurons can mimic positive
prediction errors, there is less evidence that brief pauses mimic negative errors. Whereas pauses in the firing of midbrain dopamine
neurons can substitute for missing negative prediction errors to drive extinction, it has been suggested that this effect might be attrib-
utable to changes in salience rather than the operation of this signal as a negative prediction error. Here we address this concern by
showing that the same pattern of inhibition will create a cue able to meet the classic definition of a conditioned inhibitor by showing
suppression of responding in a summation test and slower learning in a retardation test. Importantly, these classic criteria were designed
to rule out explanations founded on attention or salience; thus the results cannot be explained in this manner. We also show that this
pattern of behavior is not produced by a single, prolonged, ramped period of inhibition, suggesting that it is precisely timed, sudden
change and not duration that conveys the teaching signal.
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Introduction
Prediction errors are thought to be responsible for associative
learning (Rescorla and Wagner, 1972; Sutton, 1988), and single-
unit (Mirenowicz and Schultz, 1994; Waelti et al., 2001; Pan et al.,

2005; Roesch et al., 2007), imaging (D’Ardenne et al., 2008), and
voltametry (Day et al., 2007; Hart et al., 2014) studies have firmly
established a correlative link between transient changes in dopa-
mine neuron activity and reward prediction errors. Furthermore,
the development of optogenetic means of directly manipulating
the firing of these neurons in real time has yielded causal evidence
supporting this linkage. Specifically, brief changes in the firing of
these neurons can mimic and sometimes disrupt the operation of
positive and negative prediction errors to drive learning about
rewarding and even nonrewarding events (Frank et al., 2007; Tsai
et al., 2009; Zweifel et al., 2009; Kim et al., 2012; Steinberg et al.,
2013; Stopper et al., 2014; Chang et al., 2016, 2017; Sharpe et al.,
2017).

However, alternative explanations for these data (particularly
the causal evidence) abound, including most prominently the
idea that learning driven by artificially induced transients is
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Significance Statement

Here we show that brief pauses in the firing of midbrain dopamine neurons are sufficient to produce a cue that meets the classic
criteria defining a conditioned inhibitor, or a cue that predicts the omission of a reward. These criteria were developed to
distinguish actual learning from salience or attentional effects; thus these results formally show that brief pauses in the firing of
dopamine neurons can serve as key teaching signals in the brain. Interestingly, this was not true for gradual prolonged pauses,
suggesting it is the dynamic change in firing that serves as the teaching signal.
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caused by nonspecific effects on attention rather than the mim-
icry of an endogenous error signal. For example, evidence that
brief pauses in the firing of dopamine neurons can mimic or
substitute for a missing negative prediction error to support ex-
tinction learning might instead be attributable to diminished sa-
lience or distraction. This idea is consistent with suggestions that
the firing of dopamine neurons can signal novelty or salience
(Kakade and Dayan, 2002; Bromberg-Martin et al., 2010; Schultz,
2016). Addressing these criticisms is important because it is the
full pattern of the firing of these neurons that caused them to be
so closely equated with prediction errors. Thus, in the causal
studies, it is critical that dopamine transients operate like predic-
tion errors in each direction (and in other ways).

With this in mind, here we address the possibility that brief
pauses in the firing of midbrain dopamine neurons cause learn-
ing because of effects on salience rather than because of their
ability to serve as negative prediction errors. To do this, we assess
whether the same pattern of artificial inhibition that supports
extinction learning can also turn a cue into a conditioned inhib-
itor. A conditioned inhibitor is a cue that predicts the nonoccur-
rence of events, typically a reward, predicted by other cues
(Rescorla, 1969; Rescorla and Holland, 1977). It is normally cre-
ated by pairing the cue that is to become a conditioned inhibitor
with a reward-predicting cue and then omitting that reward. If

this is done repeatedly, the added cue be-
comes conditioned to predict the omis-
sion of that reward. Classically, this ability
is demonstrated in a (negative) summa-
tion test, in which the conditioned inhib-
itor must suppress responding to another
reward-predicting cue, combined with a
retardation of learning test, in which the
conditioned inhibitor must exhibit slower
conditioning to predict the reward. Only
cues that meet both criteria are considered
to show conditioned inhibition, because
only both effects can rule out explanations
based on changes in salience. For ex-
ample, a putative conditioned inhibitor
might cause (negative) summation be-
cause it is highly salient or distracting if it
is viewed as predictive of uncertain reward
(Pearce and Hall, 1980). However, if this
is the case, then the cue should facilitate
learning in the retardation test since sa-
lient cues are more associable (Pearce and
Hall, 1980). Conversely the putative con-
ditioned inhibitor might retard learning if
it has been made less salient by repeated
presentation without reward (Mackin-
tosh, 1975), but such an irrelevant or ig-
nored cue should not reduce responding
in the summation test. Thus it is the pat-
tern of behavior in the pair of probe tests
that defines conditioned inhibition.

Notably, this pattern of behavior will
also rule out salience as an explanation of
why brief pauses in the firing of dopamine
neurons mimic negative prediction er-
rors. If they act by altering salience, then
we might obtain the expected result in one
test, but we should fail to see the expected
result in the other. In addition, we also

manipulated the firing of the dopamine neurons in two different
ways to test whether it is the brief, appropriately timed, dynamic
change in firing of these neurons that signals the error (Chang et
al., 2016, 2017; Hamid et al., 2016) or whether the duration of the
pause carries the information (Daw et al., 2002; Bayer and Glim-
cher, 2005; Bayer et al., 2007; Glimcher, 2011). We found that
only sudden, brief pauses in the firing of midbrain dopamine
neurons were sufficient to produce a cue that meets the classic
criteria for conditioned inhibition; a single, equally long, ramped
pause did not have this effect.

Materials and Methods
Subjects. Twenty-six transgenic rats (eight male and six female for the
experiment in Figs. 1 and 2, three male and five female for the experiment
in Figs. 4 and 5, and one male and three female for the experiment in Fig.
3) that carried a tyrosine hydroxylase (TH)-dependent Cre-expressing
system on a Long–Evans background (NIDA animal breeding facility)
served as subjects (Witten et al., 2011). Inclusion of gender as a factor in
our analyses revealed no main effects or any interactions, so we collapsed
this factor in reporting the data here (F values �0.66; p values �0.73).
The rats were maintained on a 12 h light/dark cycle with unlimited access
to food and water, except during the behavioral experiment when they
were food restricted to maintain 85% of their baseline weight. All exper-
imental procedures were conducted in accordance with the guidelines of

Figure 1. NpHR-eYFP expression, fiber implant positions, and task design in Experiment 1. a, NpHR-eYFP expression in TH-
positive neurons in the VTA. Small photomicrographs illustrate the white boxed area in the main picture, showing TH staining (red,
left), NpHR expression (middle, green), and coexpression (yellow, right). Scale bar, 300 �m. The schematic to the far right
illustrates the spread of NpHR-eYFP expression in the VTA and the localization of fiber tips; solid brown indicates the narrowest
spread we observed across rats, light brown indicates the widest spread, and the gray squares show the fiber tip positions. b,
Illustration of task design; see the text for a full description. V1 and V2 indicate solid and flashing panel lights, counterbalanced; A1,
A2, and A3 indicate arduino-based melodies, counterbalanced; the circle indicates a 45 mg plain sucrose pellet; and green shows
the approximate timing and duration of light delivery.
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the Institutional Animal Care and Use Committee of the National Insti-
tutes of Health.

Surgical procedures. Rats (�275 g) received bilateral infusions of
AAV5-EF1�-DIO-NpHR3.0-eYFP into the ventral tegmental area [VTA;
AP, �5 mm (referenced to bregma); ML, �0.7 mm (referenced to the
midline); DV, �7.2 and �8 mm for male and �6.5 and �7.3 mm for
female (referenced to the brain surface)]. Virus was obtained from the
University of North Carolina at Chapel Hill Gene Therapy Center, cour-
tesy of Dr. Karl Deisseroth. A total of 1–1.5 �l of virus with a titer of
�10 12 vg/ml was injected at the rate of 0.1 �l/min per injection site. The
rats also were implanted with optic fibers bilaterally (200 �m diameter,
Thorlab; AP, �5.3 mm; ML, �2.61 mm; DV, �6.8 mm for male and
�6.2 mm for female at 15° angle pointing to the midline).

Apparatus. Training was conducted in 10 standard behavioral cham-
bers from Coulbourn Instruments, each enclosed in a sound-resistant
shell. A food cup was recessed in the center of one end wall. Entries were
monitored by a photobeam. A food dispenser containing 45 mg sucrose

pellets (plain, Bio-SERV) allowed delivery of pellets into the food cup
(Graphic State 3, Coulbourn Instruments). Rats were shaped to retrieve
pellets from the food cup before any conditioning.

Conditioned inhibition. Training consisted of three phases: condition-
ing, compound training, and probe testing. Conditioning consisted of 11
sessions. In each session, the rats were presented with two distinct 10 s
visual cues (V1 and V2; 6 W light bulb with on/off patterns consisting of
0.5 s on and 0.5 s off for a total of 10 s, or 10 s on, counterbalanced) paired
with three plain sucrose pellets, delivery of which commenced at the end
of each cue. On V1 trials, pellets were delivered with 4 s spacing. On V2
trials, three pellets were delivered without any spacing. Each session con-
sisted of 12 trials of V1 and 12 trials of V2, arranged in 6-trial blocks, the
order of which varied from day to day for each rat. Trials were separated
by intertrial intervals that varied randomly between 120, 130, and 140 s.
After conditioning, the rats began compound training. Before the first
session, the rats received six presentations each of three novel 10 s audi-
tory cues (A1, A2, and A3; �75 dB, customized Arduino-based melodies,

Figure 2. Brief, but not prolonged, pauses in the firing of midbrain dopamine neurons are sufficient to produce a conditioned inhibitor. Shown is the percentage of time the rats spent in the food
cup on different trial types during the CS (main graphs) or US (insets) periods in conditioning (a), compound training (b), summation (c), and retardation probe testing (d). Green light, appropriate
for activating NpHR to cause pauses in dopamine neuron firing, was delivered during delivery of the second and third food pellets on A2 and A3 trials in compound training, as described in the main
text and Figure 1b. Error bars indicate SEM. *Critical planned comparisons that were significant at p � 0.05 or better; see the text.

Figure 3. Effects of brief versus prolonged light delivery on spiking activity and membrane potential of dopamine neurons recorded ex vivo. a, Example traces show the effect of brief square pulses
of light (top) and prolonged, ramped light delivery (bottom) on spiking activity in VTA dopamine neurons. b, Summary graph showing the number of spikes in the 500 ms after light offset compared
with the number of spikes predicted from baseline activity in each recorded neuron. c, Light-induced hyperpolarization of the resting membrane potential after brief pulses or prolonged, ramped
light delivery.
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counterbalanced). Compound training consisted of four sessions. Trial
structure was generally the same as during conditioning; each session
consisted of three reminder trials of V1 alone, followed by six trials of V1
in compound with each auditory cue (V1/A1, V1/A2, and V1/A3). In the
first experiment, each compound cue was followed by the same amount
of reward used during conditioning; in the second experiment, the sec-
ond and third pellets were omitted on V1/A1 trials. During the com-
pound trials, light (�16 –18 mW, Shanghai Laser & Optics Century) was
delivered to the VTA, bilaterally, on V1/A2 and V1/A3 trials, timed to
start 0.5 s before delivery of the second pellet. In Experiment 1, a green
light (532 nm) was delivered; in Experiment 2, a blue light (473 nm) was
delivered. On V1/A2 trials, a single 5.5 s pulse of light was delivered,
which began and ended with a 0.5 s ramp to avoid sudden changes in
firing of the dopamine neurons at either onset or offset of the light. On
V1/A3 trials, three 1.5 s pulses of light were delivered, spaced by 1 s,
without ramping, to mimic the sudden changes observed in dopamine
neuron firing in response to naturally induced negative prediction errors.
Note that the latter pattern is identical to that used in our prior study to
test whether dopamine pauses could function as negative errors (Chang
et al., 2016). There was no light delivered on V1/A1 trials. After the
conclusion of compound training, the rats underwent a summation and
then a retardation probe test. Trial structure was again generally the same
as during conditioning except as noted below. In the summation test, the
auditory cues were each presented six times, in compound with V2, in
random order and without any reward. In the retardation test, the audi-
tory cues were each presented six times, alone, followed by delivery of one
sucrose pellet. For this test, cue presentation was blocked, with the cue
order counterbalanced across rats as much as was practical, and learning
about each cue was separated by a 2.5 h timeout period.

Response measures and statistics. The primary measure of conditioning
was the percentage of time that each rat spent with its head in the food
cup during each conditioned stimulus (CS) presentation before food
delivery, as indicated by disruption of the photocell beam. Because the
cues were presented in a block design in some parts of the experiment, we
subtracted responding during a 10 s pre-CS baseline. Food cup respond-
ing is strongest at the end of the cue, so for clarity we also excluded the
first half of the cue period from the data presented in the figures. How-
ever a direct comparison of the data shown with data from the initial 5 s
period showed no interaction of period with any of the meaningful ef-
fects described in the main text (F values �6.16; p values �0.062). In
addition, in some periods we also measured the amount of time the rats
spent in the food cup during the post-CS period starting at the time of the
first food pellet delivery. This was done to test for any aversive or dis-
tracting effect of the optogenetic manipulation during blocking or as an
additional assessment of conditioned responding after the cue (in the
absence of food) in the final probe test. Statistical comparisons were
made by multifactor ANOVA (repeated-measures ANOVA), followed by
planned comparisons as warranted by our hypothesis; unexpected effects
were explored using a Bonferroni’s correction (STATISICA, Statsoft,
TIBCO Software).

Histology and immunohistochemistry. Rats that received viral infusions
and fiber implants were killed with carbon dioxide and perfused with 1�
PBS, followed by 4% paraformaldehyde (Santa Cruz Biotechnology).
Fixed brains were cut in 40 �m sections to examine fiber tip position
under a fluorescence microscope (Olympus Microscopy). For immuno-
histochemistry, the brain slices were first blocked in 10% donkey serum
made in 0.1% Triton X-100/1� PBS and then incubated in anti-TH
antisera (1: 600, EMD Millipore), followed by Alexa Fluor 568 secondary
antisera (1:1000, Invitrogen). The image of brain slices was acquired by a
confocal microscope (Olympus FluoView 1000, America) and later ana-
lyzed in Adobe Photoshop. The VTA, including anterior (rostral and
parabrachial pigmental area) and posterior (caudal, parabrachial pig-
mental area, paranigral nucleus, and medial substantia nigra pars medi-
alis), of brain slices from AP �5.1 to �5.9 mm were analyzed from five
subjects in Experiment 1 and from three subjects in Experiment 2. This
encompasses the location targeted by our fibers and is likely to achieve
good light penetration. For quantification, the intensity of three to four
random 40 � 40 �m square areas from the background were averaged to
provide a baseline, and positive staining was defined as a signal 2.5 times

this baseline intensity, with a cell diameter larger than 5 �m, colocalized
within cells reactive to DAPI staining.

Ex vivo brain slice electrophysiology. TH-Cre rats that had received
AAV-DIO-NpHR3.0-eYFP (NpHR) infused into VTA were deeply anes-
thetized with isoflurane and transcardially perfused with an ice-cold so-
lution containing (in mM) 93 NMDG (N-Methyl-D-glucamine), 93 HCl,
2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 5 Na-
ascorbate, 2 thiourea, 3 Na-pyruvate, 10 MgSO4, and 0.5 CaCl2. Brains
were rapidly removed, and horizontal midbrain slices (220 �m) were
made using a Vibratome (Leica VT-1000S). Slices were then incubated in
a holding solution containing (in mM) 92 NaCl, 2.5 KCl, 1.2 NaH2PO4,
30 NaHCO3, 20 HEPES, 25 glucose, 5 Na-ascorbate, 2 thiourea, 3 Na-
pyruvate, 2 MgSO4, and 0.5 CaCl2 (32–34°C) for 15–30 min. After this,
the holding chamber was kept at room temperature for the duration of
the experiment. Slices were transferred to a recording chamber and su-
perfused (2–3 ml/min) with artificial CSF containing (in mM) 126 NaCl,
2.5 KCl, 1.2 MgCl2, 2.4 CaCl2, 1.2 NaH2PO4, 21.4 NaHCO3, and 11.1
glucose maintained at 32–34°C. All solutions were continually oxygen-
ated (95% oxygen, 5% carbon dioxide). Glass pipettes (tip resistance,
2– 4 M�) were used for whole-cell recordings and were filled with an
intracellular solution containing (in mM) 115 K-gluconate, 20 KCl, 1.5
MgCl2, .025 EGTA, 10 HEPES, 2 Mg-ATP, 0.2 Na-GTP, and 10 Na2-
phosphocreatine (pH 7.2–7.3, �290 mOsm/kg).

Whole-cell current-clamp recordings were performed in visually iden-
tified neurons in the VTA. Virus-infected (eYFP	) cells were identified
using scanning disk confocal microscopy (Olympus FV1000), and differ-
ential interference contrast optics were used to patch neurons. Light was
delivered to stimulate NpHR in vitro, at an intensity of 16 –18 mW, using
the same equipment and two protocols (sudden and brief versus gradual
and prolonged) used in the two behavioral experiments. The baseline
firing rate was recorded in zero-current mode in the absence of light
delivery.

Electrophysiology data were acquired using an Axopatch 200 B ampli-
fier (Molecular Devices) in either voltage-clamp or current-clamp mode.
Axograph X software (Axograph Scientific) was used to record and col-
lect the data, which were filtered at 10 kHz and digitized at 4 –20 kHz.
Series resistance (Rs) was monitored with an injection of a hyperpolar-
izing current (�20 pA, 500 ms), and data were excluded if Rs changed
�20% during data acquisition. Recordings were discarded if series resis-
tance or input resistance changed �10% throughout the course of the
recording.

Results
Brief, but not prolonged, pauses in the firing of midbrain
dopamine neurons are sufficient to produce a conditioned
inhibitor
Optogenetic and transgenic approaches used to target dopamine
neurons in the VTA were similar to those used in prior studies
(Chang et al., 2016, 2017; Sharpe et al., 2017). Briefly, 14 rats
expressing Cre-recombinase from the TH promoter served as
subjects (Witten et al., 2011). Each rat received bilateral infusions
of NpHR within VTA, and fiberoptics were implanted targeting
this area bilaterally (Fig. 1a). Postmortem immunohistochemical
verification showed a high degree of colocalization between Cre-
dependent NpHR expression and TH in VTA; �90% of NpHR-
expressing cells in the VTA (307 from 344 cells counted in five
rats) were immunoreactive to anti-TH antisera. After a 2 week
period to allow viral expression, the rats were food deprived to
85% of their baseline body weight, and then we began training on
the conditioned inhibition task.

Conditioned inhibition consisted of conditioning and com-
pound training, followed by probe testing for the classic signs of
conditioned inhibition: summation of responding and retarda-
tion of learning (Fig. 1b; Rescorla, 1969; Rescorla and Holland,
1977). During conditioning, the rats were trained to associate two
novel 10 s visual cues, V1 and V2, with delivery of three plain
sucrose pellets. Pellets were spaced differently for the two cues to
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ensure that the cues were discriminated, so that we could use
them independently in later testing. As illustrated in Figure 2a,
rats developed conditioned responding to both cues across ses-
sions (F(1,13) 
 11.85; p 
 0.004) and showed slightly but signif-
icantly more responding to V2 than to V1, consistent with the
modest difference in the spacing of the food pellets (F(10,130) 

7.18; p 
 0.001).

After conditioning, the rats underwent compound training.
In these sessions, one of the visual cues, V1, was presented in
compound with each of three 10 s auditory cues, A1, A2, and A3.
A1 served as a control cue. It was presented in compound with
V1, after which three sucrose pellets were delivered as expected,
without any optogenetic manipulation. A2 and A3 were experi-
mental cues. They were each presented in compound with V1,
followed by three sucrose pellets, and we delivered green light
into VTA (532 nm) to inhibit the dopamine neurons during pel-
let delivery. On A3 trials, we delivered three pulses of light, each
lasting 1.5 s with a 1 s interval between each. This pattern was
intended to mimic the sudden brief pauses in firing used in our
prior study to substitute for negative prediction errors in extinc-
tion learning (Chang et al., 2016). This may not precisely mimic
what actually would happen on omission of these rewards,
though we have observed somewhat discrete pauses in dopamine
neuron firing when expected rewards with a spacing of 0.5 s are
omitted (Roesch et al., 2007). On A2 trials, we delivered a single
pulse of light, lasting 5.5 s, including 0.5 s ramps at onset and
offset. This pattern was intended to duplicate the total period of
inhibition used on A3 trials, with gradual onset to avoid inducing
the sudden changes in firing observed in response to naturally
induced negative prediction errors (Mirenowicz and Schultz,
1994; Waelti et al., 2001; Pan et al., 2005; Roesch et al., 2007) and
gradual offset to prevent rebound activity that has been observed
after prolonged activation of opsins such as NpHR (Raimondo et
al., 2012; Chuong et al., 2014; Mahn et al., 2016; Wiegert et al.,
2017). Importantly, testing of these two protocols in an ex vivo
brain slice preparation in a separate group of TH-Cre rats that
had received NpHR infused into VTA confirmed that both
caused similar effects on dopamine neuron firing and membrane
potential (t 
 1.09, p 
 0.31) while the light was on, and there was
no evidence of a significant rebound at the end of either the brief
or prolonged duration pauses (F(2,14) 
 1.65; p 
 0.23; Fig. 3).

As illustrated in Figure 2b, the addition of the auditory cues
and the optogenetic manipulations had little effect on established
responding. The rats continued to respond to V1 at about the
same level observed in conditioning and this did not change
across sessions (F(3,39) 
 0.45; p 
 0.72), and there were no dif-
ferences in responding on trials involving the different auditory
cues, either during cue presentation (F(2,26) 
 0.69; p 
 0.51) or
when the food pellets themselves were delivered (Fig. 2b, inset;
F

(2, 26)

 0.92; p 
 0.41). The lack of any differences in food cup

responding, even during food delivery, suggests that briefly in-
hibiting the dopamine neurons was neither aversive nor generally
distracting.

After compound training, the rats underwent the summation
and retardation probe tests. In the summation test, each auditory
cue was presented six times in compound with V2, the other
visual cue that was conditioned earlier. No reward was delivered.
As illustrated in Figure 2c, responding to V2 began relatively high
and then declined quickly across the nonrewarded trials. Against
this backdrop, however, responding to V2 was lower when it was
paired with A3 than when it was paired with either A1 or A2. This
effect was immediately and primarily evident on the first trial,
and it was present both during the cue itself and in the period

after the cue when food was normally delivered. These notions
were supported by ANOVA (cue � trial), which showed signifi-
cant effects of trial [CS: F(5,65) 
 9.62, p 
 0.000001; uncondi-
tioned stimulus (US): F(5,65) 
 8.18, p 
 0.000005] and
interactions between cue and trial (CS: F(10,130) 
 2.60, p 
 0.007;
US: F(10,130) 
 2.13, p 
 0.03). Planned contrasts revealed the
interactions between cue and trial stemmed from lower respond-
ing to V2/A3 on the first trial, compared with either of the other
cues, in both cue (p 
 0.0004 vs A1; p 
 0.02 vs A2) and reward
(p 
 0.02 vs A1; p 
 0.02 vs A2) periods. The single, prolonged,
ramped period of inhibition did not have any effect on respond-
ing to V2/A2 (p 
 0.25 vs A1 in the cue period and 0.78 in the
reward period).

The results of the summation test are consistent with prior
evidence that sudden, brief pauses in the firing of the dopamine
neurons support learning (Steinberg et al., 2013; Chang et al.,
2016), since A3 was able to cause (negative) summation. Further-
more, since there was no effect on A2 responding, the data sug-
gest that whatever is happening is not attributable to the duration
of the pause but requires sudden, dynamic shifts in the dopamine
neuron firing. However, the results do not distinguish an error
signaling mechanism from attentional changes. For this, we must
conduct the retardation of learning test.

To test for retardation of learning, each auditory cue was pre-
sented six times alone, followed by delivery of a single sucrose
pellet. As illustrated in Figure 2d, rats conditioned to all three
auditory cues, but they conditioned most quickly to A1 and more
slowly to the other cues, especially A3. ANOVA (cue � trial)
confirmed this impression, revealing significant main effects of
trial (F(5,65) 
 11.15; p 
 0.001) and cue (F(2,26) 
 3.79; p 
 0.04),
and a planned contrast analyses indicated there was lower re-
sponding to A3 than to A1 (p 
 0.03). This result distinguishes
between the two explanations for the effects of brief inhibition of
the dopamine neurons on summation. Whereas elevated salience
can explain (negative) summation, elevated salience would cause
facilitated rather than retarded learning for A3, since salient cues
are more associable. On the other hand, a negative prediction
error would explain both effects, since a negative prediction error
would cause A3 to become predictive of omission of the reward,
leading to both spontaneously less responding in the presence of
V2 and slower conditioning when paired with reward itself. In-
terestingly, A2 also seemed to condition a bit more slowly than
A1, although responding to A2 was not statistically different from
either A1 (p 
 0.59, Bonferroni’s test) or A3 (p 
 0.52, Bonfer-
roni’s test). A2 showed no evidence of functioning as a condi-
tioned inhibitor in the summation test, so even if learning for A2
were retarded, the pattern across both tests would still be incon-
sistent with operation of a prediction error.

Mere delivery of light at the time of reward, whether brief or
prolonged, is insufficient to produce a conditioned inhibitor
Although changes in A2 are intriguing, they are also problematic,
since we intended this cue to control for nonspecific effects of
light delivery within subjects in our design. Whereas A2 did not
impact performance in the critical summation test, the interme-
diate effect in the retardation test raises concerns with this ap-
proach. To address these concerns, we repeated the experiment in
a second group of rats, delivering blue light inappropriate for
activating NpHR on the V1/A2 and V1/A3 trials and omitting the
second and third food pellets on V1/A1 trials to create a condi-
tioned inhibitor (Fig. 4b).

Eight rats expressing Cre-recombinase from the TH promoter
received bilateral infusions of NpHR within VTA and fiberoptics
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targeting this area bilaterally (Fig. 4a). One rat was excluded from
the study after losing its implant during training; postmortem
immunohistochemistry in the remaining subjects showed �91%
colocalization (92 of 101 cells counted from three rats) and viral
spread and fiber tip localization similar to Experiment 1
(Fig. 4a).

After a 2 week period to allow viral expression, the rats were
food deprived to 85% of their baseline body weight and
underwent conditioning and compound training. As illustrated
in Figure 5, a and b, the rats developed conditioned responding to
both cues across sessions during conditioning (F(10,60) 
 3.16;
p 
 0.002) and learned to distinguish V1/A1 from the other two
trial types, reflecting the reduced reward, an effect that was evi-
dent both during cue presentation (F(2,12) 
 20.93; p 
 0.0001)
and food pellet delivery (Fig. 5b, inset; F(2,12) 
 79.51; p 

0.0000001).

After compound training, the rats underwent the summation
and retardation probe tests. In the summation test, illustrated in
Figure 5c, responding to V2 was initially high in the presence of
either A2 or A3 and declined as the test progressed without re-
ward, whereas responding in the presence of A1 was immediately
low, essentially at baseline. This pattern was present both during
cue presentation and in the period after the cue when food was
normally delivered. ANOVAs (cue � trial) revealed significant

effects of trial (CS: F(5,30) 
 2.99, p 

0.026; US: F(5,30) 
 4.58, p 
 0.003) and
cue (CS: F(2,12) 
 6.23, p 
 0.01; US:
F(2,12) 
 12.16, p 
 0.001), and planned
contrasts indicated that responding to
V2/A1 on the first trial was lower than to
either of the other cues (CS: p 
 0.01 vs A2
and 0.02 vs A3; US: p 
 0.04 vs A2 and
0.01 vs A3), whereas responding to V2 in
the presence of A2 and A3 did not differ
(CS, p 
 0.15; US, p 
 0.28). In the retar-
dation test, illustrated in Figure 5d, rats
conditioned to all three auditory cues, but
conditioning was less to A1 than to either
of the other two cues. ANOVA (cue �
trial) revealed significant main effects of
trial (F(5,30) 
 5.54; p 
 0.001) and cue
(F(2,12) 
 4.92; p 
 0.03), with planned
contrasts confirming that responding to
A2 and A3 was similar (p 
 0.73) and
significantly higher than responding to A1
(p 
 0.01 vs A1 and 0.03 vs A2).

Combined with the prior experiment,
these results show delivery of light into
VTA at the time of reward is insufficient
to mimic effects of reward omission to
create a conditioned inhibitor unless the
light is of the proper wavelength to acti-
vate NpHR to suppress activity in the do-
pamine neurons.

Discussion
Here we have shown that sudden, brief
pauses in the firing of midbrain dopamine
neurons will produce a cue that meets the
classic criteria for conditioned inhibition:
(negative) summation and retardation of
learning. Specifically, when a reward-
predicting cue was presented with another
cue, followed by reward plus several brief,

transient pauses in the firing of VTA dopamine neurons, the
added cue spontaneously suppressed responding to another cue
predictive of the reward and was slower to condition to predict
the reward. As discussed earlier, this pattern of results cannot be
explained by changes in salience or associability, whereas it is
consistent with prior claims that brief pauses in the firing of these
neurons serve as negative prediction errors (Steinberg et al., 2013;
Chang et al., 2016). Notably, a single, prolonged, gradual pause
spanning the same period did not have this effect, supporting our
prior use of a longer pause to assess whether dopamine transients
are necessary for learning (Chang et al., 2017; Sharpe et al., 2017).

Although it was not intended to be the focus of the study, it is
interesting to speculate on why a single, prolonged, gradual pause
did not have these effects. Since we did not independently ma-
nipulate the number of pauses or their duration and speed of
onset and offset, it is impossible to say which is the critical pa-
rameter. But the effects of the two protocols on the membrane
potential and firing activity of dopamine neurons in vitro were
remarkably similar, suggesting it was not because one protocol
failed to inhibit the neurons or resulted in dramatically different
patterns of firing. One possible explanation for the difference,
which would only be evident across large populations, would be if
the sudden onset of full-intensity light were more effective than

Figure 4. NpHR-eYFP expression, fiber implant positions, and task design in Experiment 2. a, NpHR-eYFP expression in TH-
positive neurons in the VTA. Small photomicrographs illustrate the white boxed area in main picture, showing TH staining (red,
left), NpHR expression (middle, green), and coexpression (yellow, right). Scale bar, 300 �m. The schematic to the far right
illustrates the spread of NpHR-eYFP expression in the VTA and the localization of fiber tips; solid brown indicates the narrowest
spread we observed across rats, light brown indicates the widest spread, and the gray squares show the fiber tip positions. b,
Illustration of task design; see the text for a full description. V1 and V2 indicate solid and flashing panel lights, counterbalanced; A1,
A2, and A3 indicated arduino-based melodies, counterbalanced; the circle indicates the 45 mg plain sucrose pellet; and blue shows
the approximate timing and duration of light delivery.
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the ramped onset at promoting synchronized pauses across many
neurons. This would theoretically occur if dopamine neurons,
either because of natural (different proportions of inhibitory and
excitatory input) or artificial (viral expression, location relative to
fiber) factors, were prevented from spiking at different thresh-
olds. If this were true, then the faster the light reaches its full
intensity, the better synchronized in time the change in firing
would be in the population. It has been shown that the effective-
ness of dopamine neuron firing pauses in decreasing postsynaptic
receptor occupancy is heavily dependent on the degree of syn-
chrony within the dopamine neuron population; synchronous
firing pauses across multiple neurons are much more effective in
decreasing receptor occupancy than asynchronous activity de-
creases (Dreyer et al., 2010). Combined with suggestions that it is
the dynamic change in dopamine firing that signals the error and
not its absolute level (Hamid et al., 2016), this explanation pro-
vides a potential framework within which to understand the dif-
ferent effects of sudden brief versus gradual prolonged pauses.

Of course, we did observe a modest effect of gradual and more
prolonged inhibition of the dopamine neurons on the ability of
the cue to support new learning in the retardation test. Why
would this occur if the gradual pause is ineffective as a teaching
signal? One possibility is that it is an artifact of rebound excitation
known to occur at the end of the long periods of inhibition (Rai-
mondo et al., 2012). We believe several factors suggest this is not
the case. First, light was delivered at full intensity for only 4.5 s, a
period associated with relatively modest shifts in the reversal po-
tential of the GABAA receptor, which is thought to be responsible
for rebound excitation after NpHR activation (Raimondo et al.,
2012). Second, light offset was gradual, a manipulation thought
to prevent or at least substantially mitigate rebound effects
(Chuong et al., 2014; Mahn et al., 2016). Third, and perhaps most
importantly, when the same protocol was used in vitro to inhibit
dopamine neurons, there was no evidence of rebound. And fi-
nally, rebound excitation in the presence of reward should create
a conditioned excitor (Steinberg et al., 2013). If A2 were a condi-
tioned excitor, it would have caused positive summation and
facilitation of learning, which it did not. Thus, we believe we can
dispense with this explanation.

Another somewhat trivial possibility is that pairing A2 with
light caused this cue to become distracting in the later retardation
test. This might have affected A2 more than A3, either because of
the longer period of constant light delivery or because of the
absence of a meaningful competing physiological effect on the
dopamine neurons. However, there was no evidence of distrac-
tion as a result of light delivery in compound training, and when

we repeated the experiment using light of the wrong wavelength,
we found that A2 and A3 were treated identically and unlike
conditioned inhibitors. This suggests that prolonged light alone
cannot account for the effect.

This leaves the possibility that the retarded learning was the
result of the prolonged reduction in dopamine neuron activity.
Although this pattern of results cannot be explained by a predic-
tion error mechanism, it would classically be interpreted as an
effect on salience or even general value, independent of associa-
tive learning. Although clearly speculative, if this effect were
found to be reliable, it would provide support for a dual-
component account of dopamine function (Schultz, 2016),
though at a time scale more consistent with proposals regarding
tonic dopamine (Hamid et al., 2016).

On the other hand, our main result that brief pauses in the
firing of dopamine neurons are sufficient to create a conditioned
inhibitor provides little support for proposals that brief, transient
changes independently convey information about salience or
novelty (Kakade and Dayan, 2002; Bromberg-Martin et al., 2010;
Schultz, 2016). This idea arose from correlative findings that are
otherwise hard to fit into the popular account that dopamine
transients signal cached-value prediction errors (Horvitz et al.,
1997; Horvitz, 2000; Tobler et al., 2003; Matsumoto and Hiko-
saka, 2009). We have recently published data suggesting that do-
pamine transients may signal errors in the prediction of events
more broadly (Takahashi et al., 2017). In this framework, appar-
ent responses to novelty or salience can be understood as more
general or informational error signals (Bromberg-Martin and
Hikosaka, 2009; Gershman and Schoenbaum, 2017; Langdon et
al., 2018). The failure to see any effect of transients here that
would be consistent with salience is in keeping with this proposal.

An interesting question for the future is what information is
learned under the influence of these putative negative prediction
errors. Cached-value errors should not endow cues with the abil-
ity to predict specific events (Langdon et al., 2018). Thus, if the
dopamine transient acts only as a cached-value error, the current
results make sense, but only in a sort of arithmetic manner. In
other words, the rats respond less when a cue is paired with inhi-
bition of the dopamine neurons because it is less valuable, so that
cue appears to act as a conditioned inhibitor if presented with a
reward-predicting cue (e.g., 2 � 1 
 1). But this should only work
if the cue is tested with the same action that was present during
learning, and it should not matter if the particular food predicted
by the two cues differs; this mechanism could not easily explain
the ability of a conditioned inhibitor to reduce behaviors directed
at obtaining a specific food involving a new action (but see Russek

Figure 5. Mere delivery of light at the time of reward, whether brief or prolonged, is insufficient to produce a conditioned inhibitor. Shown is the percentage of time the rats spent in the food cup
on different trial types during the CS (main graphs) or US (insets) periods in conditioning (a), compound training (b), summation (c), and retardation probe testing (d). Blue light, inappropriate for
activating NpHR to cause pauses in dopamine neuron firing, was delivered during delivery of the second and third food pellets on A2 and A3 trials in compound training, as described in the main text
and Figure 1b. Error bars indicate SEM. *Critical planned comparisons that were significant at p � 0.05 or better; see the text.
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et al., 2017). It has recently been shown that the lateral habenula,
which is thought to provide input critical to the generation of
negative prediction errors by VTA dopamine neurons (Ji and
Shepard, 2007; Jhou et al., 2009; Hong et al., 2011), is necessary
for outcome-specific conditioned reinforcement (Laurent et al.,
2017). Given evidence that transient activation of the dopamine
neurons seems to support learning about specific features of im-
pending rewarding (Keiflin et al., 2017) and even nonrewarding
events (Sharpe et al., 2017), it will be of interest to test whether the
same is true of transient inhibition of these neurons.
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